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Abstract

BACKGROUND: Lung fibrosis is considered as an end stage for many lung diseases including lung inflammatory disease,

autoimmune diseases and malignancy. There are limited therapeutic options with bad prognostic outcome. The aim of this

study was to explore the effect of mesenchymal stem cells (MSCs) derived from bone marrow on Bleomycin (BLM)

induced lung fibrosis in albino rats.

METHODS: 30 adult female albino rats were distributed randomly into 4 groups; negative control group, Bleomycin

induced lung fibrosis group, lung fibrosis treated with bone marrow-MSCs (BM-MSCs) and lung fibrosis treated with cell

free media. Lung fibrosis was induced with a single dose of intratracheal instillation of BLM. BM-MSCs or cell free media

were injected intravenously 28 days after induction and rats were sacrificed after another 28 days for assessment. Minute

respiratory volume (MRV), forced vital capacity (FVC) and forced expiratory volume 1 (FEV1) were recorded using

spirometer (Power lab data acquisition system). Histological assessment was performed by light microscopic examination

of H&E, and Masson’s trichrome stained sections and was further supported by morphometric studies. In addition, electron

microscopic examination to assess ultra-structural changes was done. Confocal Laser microscopy and PCR were used as

tools to ensure MSCs homing in the lung.

RESULTS: Induction of lung fibrosis was confirmed by histological examination, which revealed disorganized lung

architecture, thickened inter-alveolar septa due excessive collagen deposition together with inflammatory cellular infil-

tration. Moreover, pneumocytes depicted variable degenerative changes. Reduction in MRV, FVC and FEV1 were

recorded. BM-MSCs treatment showed marked structural improvement with minimal cellular infiltration and collagen

deposition and hence restored lung architecture, together with lung functions.

CONCLUSION: MSCs are promising potential therapy for lung fibrosis that could restore the normal structure and

function of BLM induced lung fibrosis.
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1 Introduction

Lung fibrosis is a progressive fatal disease that affects

many patients worldwide. It is the end-stage of many lung

diseases. The main histopathological characteristic features

of lung fibrosis are excessive deposition of extracellular

matrix, accretion of fibroblasts, collapsing of alveoli and

loss of normal lung architecture [1–3].

Causes of lung fibrosis include lung inflammatory dis-

ease, autoimmune diseases, hypersensitivity pneumonitis,

drug-induced interstitial lung disease, infection, and

malignancy. However, idiopathic lung fibrosis (IPF) is

considered to be one of the most common and aggressive

forms of lung fibrosis with high mortality and morbidity. It

develops without an identified underlying cause and ter-

minates with severe affection of lung functions. There are

many risk factors for the development of IPF, the most

important of which is cigarette smoking, where the history

of cigarette smoking has been associated with sporadic and

familial cases. Moreover, IPF was suggested to be linked to

chronic exposure to air pollutants and recurrent pulmonary

infection, whether bacterial or viral [4, 5].

Adding to the burden is the global spread of the COVID-

19 pandemic caused by SARS- COV2 virus and the shown

evidence of scarring on some patients’ lungs during or after

recovering from the illness. Yet still, there is no evidence

whether this scarring is progressive or not [6]. Unfortu-

nately, once lung scarring occurs, it cannot be reversed, so

there is no cure for lung fibrosis, whatever the cause.

Only limited therapeutic options are available, making

lung fibrosis a life-threatening disease. Surgical therapy is

the last option where lung transplantation has been the only

effective treatment proved [7, 8].

Recently, regenerative medicine has become a remark-

ably valuable therapeutic strategy in different diseases,

where it presents a promising modality that can replace

organ transplantation with all its hazards. Owing to their

unique properties, stem cells turned out to be the main

pillar in regenerative medicine due to its controlled yet

unlimited self-renewal capacity, and its differentiation

ability into different specific cell lines. Adult mesenchymal

stem cells (MSCs) isolated from the bone marrow, umbil-

ical cord, and adipose tissue are the most commonly used

[9].

MSCs have potent regenerative, angiogenic, anti-apop-

totic, immune-modulatory, and anti-inflammatory proper-

ties, besides their multilineage capacity, which make them

able to differentiate into a wide range of cell lines and thus

have a great therapeutic potential for different diseases.

This is besides their accessibility, homing, and engraftment

at the site of injury and their ability to modify the micro-

environmental factors at the engraftment site by the

molecules and vesicles they secret known as extracellular

vesicles [10, 11].

Bleomycin (BLM) is a chemotherapeutic agent that is

used widely in the treatment of many malignancies as

classical Hodgkin lymphoma, melanoma, ovarian carci-

noma, and testicular neoplasms [12–14]. However, it has

serious side effects on the lung. The use of BLM is limited

by the development of pulmonary fibrosis in 3–5% of

patients receiving this chemotherapeutic agent [15].

It is distributed mainly in the liver and spleen but also

lungs. The kidney and heart receive a considerable amount

of BLM as well. However, BLM selectively affects the

lung because it lacks the enzyme bleomycin hydrolase that

hydrolyzes the L-aminoalanine moiety of BLM. This step

prevents the metabolite of BLM from binding metals such

as iron, thus triggering an oxidative stress reaction [16]. As

such, it has been the agent of choice for the induction of

lung fibrosis model.

In such context, the current study, assessed the effect of

stem cell therapy using MSCs for treatment of BLM

induced lung fibrosis model.

2 Materials and methods

2.1 Animals and study design

The study was conducted on 35 Sprague–Dawley albino

rats. Five male rats aged 3 weeks (27–32 g) were used for

bone marrow isolation and thirty female rats weighing

150–200 g 6–8 weeks of age were used in the experimental

groups. Rats were allowed to acclimate for 2 weeks before

the experiment and were housed under a 14–10 h light–

dark cycle with food and water provided ad libitum.

Experiments were conducted in accordance with the

approved guidelines set by the Research Ethics Committee

of Alexandria Faculty of Medicine, Egypt.

Stem cell processing was carried out in the Center of

Excellence for Research in Regenerative Medicine and its

Application (CERRMA), Alexandria Faculty of Medicine.

Ethical approval was attained from the Medical Ethics

Committee of Alexandria Faculty of Medicine (IRB NO:

00012098-FWA NO: 00018699).

The 30 female rats were divided randomly into 2 groups;

Control Group, n = 10, which was further subdivided

into a negative control group (CG) and a positive control

group, in the latter lung fibrosis was induced for opti-

mization of model and named fibrotic group (FG). These

groups were given an intratracheal injection of saline or a

single dose of bleomycin (5 mg/kg body weight, in 0.4 ml

of saline) respectively. Vial of bleomycin powder was

dissolved in 5 ml saline. Animals were held in ‘upright
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position by an assistant and the neck was pulled backward.

A syringe filled with BLM was fitted to an orogastric tube,

and then was pushed gently against the soft palate to reach

the trachea. Induction of lung fibrosis was assessed 28 days

after bleomycin injection [17].

Experimental Group (where lung fibrosis was induced)

EG n = 20, then it was subdivided into; Bone

marrow-derived mesenchymal stem cells treated group

(BM-MSCsG) where rats were injected with a single

dose of passage 3 (P3) BM-MSCs in complete media,

and cell free media treated group (CFG) where rats were

injected once with cell free complete media, intra-

venously 28 days after induction of fibrosis. Histological

assessment was done after another 28 days from treat-

ment and was further supported by physiological

assessment of lung functions.

The bleomycin used in the current study was commer-

cially purchased as Bleocel 15 IU Injection: bleomycin

sulfate powder for solution for injection/infusion manu-

factured by celon Labs.

2.2 Isolation and culturing of BM-MSCs

Five male rats were sacrificed by overdose anesthesia

(100 mg\Kg phenobarbital) under a class II biosafety

cabinet, for the collection of bone marrow. The femur and

tibia were dissected bilaterally and all excess tissue was

removed. Dissected intact bones were soaked in 70%

ethanol in a sterile petri dish for 2 min for disinfection,

then washed with phosphate buffer saline PBS (PBS,

Lonza, Bornem, Belgium) and finally placed in culture

medium in a sterile petri dish for flushing the bone marrow.

The proximal and the distal ends of both tibiae and femurs

were trimmed and the bone marrow was flushed by

inserting a 23-gauge needle attached to a 5 ml syringe with

complete culture medium (CCM) [18–20].

Bone marrow cells were cultured in complete media

(low glucose Dulbecco’s Modified Eagle Medium (LG–

DMEM) (1.0 g/L glucose, Sigma-Aldirch, St. Louis, MO,

USA) supplemented with 10% Fetal bovine serum (FBS,

Sigma-Aldirch), 1% L-glutamine (Lonza) and 1%Peni-

cillin/streptomycin (pen/strept, Lonza) and incubated in a

CO2 incubator at 37 �C in a humidified atmosphere with

5% CO2.

After 48 h the medium was discarded, and the cells were

washed with PBS and fed with a fresh complete medium.

During the proliferation period, the medium was replaced

twice weekly. Cells were split after reaching 70–80%

confluence using 0.025% (w/v) trypsin/EDTA (Thermo

Fisher Scientific, Waltham, MA, USA) in a ratio 1:3

[21–23].

MSCs at passage three P3 were used in the current

experiment. Follow-up of cultured cells was done using

inverted phase contrast microscope equipped with the

digital camera. (Olympus CKX41SF, Tokyo, Japan) [22].

2.3 Characterization of mesenchymal stem cells

2.3.1 Colony forming unit-fibroblast (CFU-F) assays

The colony-forming potential of the cultured cells at pas-

sage 3 was tested. In this assay, 100 cells were plated on a

six-well plate in complete media and incubated for

14 days. The cells were fixed and stained for 30 min at

room temperature in 3.0% crystal violet solution (Sigma

Aldrich) in 100% methanol. The number of colonies for

each well was counted and the plating efficiency or—CFU

potential was calculated as the number of colonies formed/

number of cells plated 9 100. All visible colonies were

counted; the number of colonies displaying five or more

cells was scored under the phase-contrast inverted micro-

scope. A CFU potential of over 40% was considered to be

optimal for MSCs’ culture [24].

2.3.2 Immunophenotyping characterization using the flow

cytometer

Cells were characterized using fluorescent-labeled mono-

clonal antibodies (mAb) for CD90 and CD 45 markers.

Trypsinized cells at passages 3 were incubated at room

temperature for 30 min in the dark, with monoclonal

phycoerythrin (PE)-conjugated antibody for CD45 (Ab-

cam, ab23396, Cambridge, UK) and monoclonal Allo-

phycocyanin-conjugated antibody for CD90 (Anti-Thy1.1)

(Abcam, ab225). Immunofluorescence on cells was ana-

lyzed using Becton–Dickinson, FACS caliber flow

cytometer equipped with Cell Quest software [25].

2.4 Injection of BM-MSCs (In vivo animal study)

A count of 2 9 106 BM-MSCs in 1 ml complete media or

1 ml of complete media without cells were injected intra-

venously in the tail vein of BM-MSCs treated and cell free

media treated groups respectively [26–28].

2.5 Homing of BM-MSCs into injured lung tissue

2.5.1 Cell labeling

Before injection of BM-MSCs, the cells’ cytoplasmic

membranes were labeled with fluorescent probe (chlor-

omethyl - benzamide octadecyl indocarbocyanines (CM-

DiI)) (molecular probes, Thermo Fisher Scientific).

Labeled cells were viewed under confocal laser micro-

scopy (Leica microsystems, DMi8, Wetzlar, Germany)

72 h after injection in the lung tissue of 2 rats [29].
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2.5.2 Real time-quantitative polymerase chain reaction

(RQ-PCR) for detection of the Y chromosome

The lung tissues were processed for identification of male

BM- MSCs which were injected into female rats through

identification of Y chromosome; using real-time quantita-

tive polymerase chain reaction [30, 31]. Detection of SRY

DNA was performed using the following primers; forward

(5-CATCGAAGGGTTAAAGTGCCA-3) and reverse (5-

ATAGTGTGTAG- GTTGTTGTCC-3) [32, 33]. Real-time

PCR amplification, data acquisition, and analysis were

carried out using the Real-Time detection system Software

(Applied Biosystems 7500, Foster City, CA, USA).

2.6 Assessment of lung fibrosis and the effect of BM-

MSCs on lung regeneration

2.6.1 Lung function assessment

Pulmonary function tests [tidal volume (VT), minute res-

piratory volume (MRV), forced vital capacity (FVC),

forced expiratory volume (FEV1) and FEV1/FVC ratio]

were assessed using a Power Lab digital data acquisition

system (4/25, AD Instrument, Bella Vista, Australia),

28 days after BM-MSCs or cell free media injection and

before sacrifice of rats. The ventilatory parameters were

recorded using a pneumotachometer MLT1L (Lab chart 8,

AD Instruments, Castle Hill, NSW, Australia) with P1

channel end connected to the outlet of the NP/Whole Body

Plethysmography (WBP).

2.6.2 Histological and histochemical assessment

At the end of the study, 28 days after treatment, all rats

were sacrificed and both lungs were dissected, then each

lung was divided into two pieces.

One piece was fixed in 10% neutral-buffered formalin,

then processed to obtain (6 um) thin sections. Some sec-

tions were routinely stained with H&E and others with

Masson’s trichrome for light microscopic examination

using, (Olympus BX41) equipped with spot digital camera

(Olympus DP20). Histomorphometric study was done,

using NIH Fiji� program (NIH, Bethesda, MD, USA),

where the area percentage of collagen fibers in Masson’

trichrome stained sections inter-alveolar septal thickness

and alveolar surface area in H & E stained sections, were

measured in five randomly selected sections for each item.

Data was presented as mean ± standard deviation (SD) of

randomly selected ten fields/section (n = 5/group)[34].

The second piece was cut into small pieces (1/2–1 mm3)

and immediately fixed in 3% phosphate buffered glu-

taraldehyde pH 7.4, then processed to obtain ultra-thin

sections for transmission electron microscope examination,

TEM (JEM-100 CX Electron Microscope, JEOL, Tokyo,

Japan) [35–37].

2.7 Statistical analysis

Data were analyzed using IBM SPSS software package

version 20.0. (Armonk, NY, USA: IBM Corp). Qualitative

data were described as number and percent. Quantitative

data were described as the mean ± standard deviation. The

studied groups were compared using a 2-sided -test and one

way ANOVA with post hoc test (Tukey’s) for pairwise

comparison. The p value was judged at the 5% level [38].

3 Results

3.1 Characterization of BM-MSCs

3.1.1 Morphological characterization

The cell cultures were monitored daily using contrast phase

inverted light microscope. In primary culture P0, cells were

small and rounded, they started to be spindle in shape after

48 h of culture, displaying a heterogeneous population and

reached 70–80% confluency in approximately 7–9 day.

With passaging, cell growth tended to be accelerated and

morphology changed gradually exhibiting large, flattened

and spindle shaped cells. Mitotic rounded cells appeared

demonstrating proliferation. At p3 the culture represented a

homogenously fibroblastic like cell monolayer (Fig. 1A–

C).

3.1.2 Colony forming unit-fibroblast (CFU-F) assays

After 5–7 days of incubation, cells gradually proliferated

into small colonies, which increased after 2 weeks of cul-

ture to form larger colonies. Two weeks post seeding,

colonies were made obvious with crystal violet staining

(Fig. 1D). The colony-forming assay showed that each well

with 100 cells gave 90% ± 1.06 of colonies after 14 days.

3.1.3 Immunophenotyping of MSCs by flow cytometry

FACS analysis for BM-MSCs passage 3 showed that

98.04% of the cultured cells expressed the mesenchymal

multipotent CD90 surface marker, while they were nega-

tive for the CD45 hematopoietic marker (Fig. 1E).

3.2 Homing of BM-MSCS into lung tissue

Labeled BM-MSCs were tracked in lung tissue 72 h after

injection. BM-MSCs were seen in the alveolar pneumo-

cytes type 1 under the laser scanning confocal microscope
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(Fig. 1F). RQ-PCR results showed that SRY gene was

expressed in female rats injected by male BM-MSCs. The

expression of SRY gene in BM-MSCsG was 3.10 folds in

comparison to CG (Supplementary Table S1).

3.3 Lung function assessment

FG had shown a significant decrease in MRV, FVC and

FEV1 by 72%, 26% and 25% respectively as compared to

control group p B 0.05. Also, a significant decrease was

seen in CFG 71%, 25% and 24% regarding MRV, FVC and

FEV1 respectively in comparison to FG. Treatment with

BM- MSCs caused a significant increase in measured

parameters compared to CG and CFG reaching control

values, where MRV increased by 75%, FVC and FEV1

increased by 25% compared to FG and CFG p B 0.05.

FEV1–FVC (%) showed normal ratio with no signifi-

cant difference between all groups (Supplementary

Table S2, Fig. 2A,B).

3.4 Histological assessment

3.4.1 Haematoxylin and eosin stain

Normal architecture of lung tissue was observed by using

light microscope in lung sections of CG, where thin inter-

alveolar septa and patent alveoli were noticed. Pneumo-

cytes type I with typical flattened nuclei and type II with

rounded nuclei bulging into alveolar lumen, were observed

lining the alveoli. Bronchioles appeared patent and lined

with simple columnar epithelium (Fig. 3A, B). In FG,

extensive degenerative changes and distortion of lung

architecture were observed in a patchy pattern, where most

of alveoli appeared collapsed. In addition, markedly

thickened inter-alveolar septa with extensive cellular

infiltration were observed in most areas of the lung tissue.

Blood vessels revealed evident congestion. As regards the

bronchioles, massive lymphocytic infiltration around

bronchiolar wall was noticed, together with evident

Fig. 1 A–C Phase contrast inverted microscope, Morphological

characteristics of BM-MSCs showing (A) passage 3, 50% confluent

spindle fibroblast like cells, (9 100) (B) passage 3 80% confluent

spindle fibroblast like cells forming monolayer (9 100). (C) High

magnification of passage 3, 90% confluent spindle fibroblast like

cells, some small rounded cells undergoing mitotic division, prolif-

erating cells. (Yellow arrow)(9 200). D CFU assay, P3 Crystal Violet

stain showing 2 colonies. E Flow cytometric analysis of cell-surface

markers of BM-MSCs at passage 3, 98.04%of the cultured cells

expressed the mesenchymal cell marker CD90 in lower right quadrant

and cells were negative for the CD45 hematopoietic marker, upper

left quadrant. F Red florescent Dil labeled BM-MSCs visualized

under Confocal Laser Microscope in the lung tissues (yellow arrows

pointing to BM-MSCs), 9 63, scale bars 25 lm
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bronchiolar epithelial desquamation, which was seen in

lumen (Fig. 3C, D).

Marked amelioration of degenerative signs with evident

restoration of lung architecture was seen in BM-MSCs

treated group when compared to FG, where most of the

alveoli appeared patent with thin inter-alveolar septa. Focal

areas of limited thickening of inter-alveolar septa were still

noticed. Almost normal appearance of bronchioles was also

observed. However, limited remnant blood vessel conges-

tion was still seen (Fig. 4A, B). Examination of lung sec-

tions in rats that received cell free media CFG, revealed

excessive thickening of the inter-alveolar septa associated

with evident cellular infiltration. Most of the alveoli

appeared with collapsed lumina, while some other alveoli

appeared with narrowing of their lumina. Diffuse

extravasation of RBCS was also noticed (Fig. 4C, D).

3.4.2 Masson’s trichrome stain

Marked increase in trichrome green stained areas, indi-

cating massive collagen deposition was noticed, within

inter-alveolar septa, around blood vessels and bronchioles

in FG in comparison to CG. In CG normal pattern of tri-

chrome stained areas, thus reflecting normal collagen dis-

tribution within the inter-alveolar septa was demonstrated

(Fig. 5A, B).

Examination of the lung sections of BM-MSCSsG

revealed limited and focal distribution of green colored

trichrome stained areas within the inter-alveolar septa as

compared to CFG, which appeared to be more diffuse and

extensive within the inter-alveolar septa, hence reflecting

remarkable decrease in collagen deposition in BM-

MSCSsG (Fig. 5C, D). The Morphometric analysis of

Fig. 2 Quantitative assessment of Pulmonary functions and morpho-

metric analysis. A Mean values of MRV, FVC and FEV1 B Repre-

sentative tracings of airway flow (upper) and tidal volume (lower) in

each panel of the different studied groups Showing decreased airway

flow and tidal volume in CG and CFG C Mean of collagen deposition

D Mean of Alveolar area E Mean of alveolar thickness. a; significant

compared to control. b: significant compared to FG c; significant

compared to CFG. Pairwise comparison bet. each 2 groups using Post

Hoc Test Tukey) Significance at p B 0.05. Error bars represent

S.E.M. n = 5 for all groups (a), n = 6 for all groups in (b,c,d).

Abbreviations: CG; control group, FG; fibrosis group, CFG; cell free

media treated group, BM-MSCG; mesenchymal stem cells treated

group, MRV; minute respiratory volume, FVC; forced vital capac-

ity,FEV1; forced expiratory volume 1
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trichrome stained sections was performed by calculating

the percentage area of green stained collagen fibers to

estimate the degree of fibrosis. There was a significant

increase in percentage area of collagen fibers in FG with

mean of 39.31 ± 3.22 vs. 4.46 ± 0.79 in CG (p\ 0.001).

On the other hand, BM-MSCsG showed significant

decrease in the percentage area of collagen fibers

4.46 ± 0.79 in comparison to FG and CFG, reaching the

control levels (p\ 0.001). Moreover, CFG showed sig-

nificant increase in percentage area of collagen fibers in

comparison to CG measuring 37.16 ± 6.54 and

4.46 ± 0.79 respectively. (Supplementary Table S3,

Fig. 2C).

The alveolar surface area measurement, to assess the

degree of alveolar collapse, showed that there was a sig-

nificant decrease in surface area of alveoli in FC versus the

CG with mean of 236.8 ± 35.12 vs. 3659.1 ± 832.5

respectively (p\ 0.001). On the other hand, BM-MSCsG

showed a significant increase in the surface area of alveoli

4095.2 ± 454.8 in comparison to FG and CFG. The alve-

olar surface area of BM-MSCsG reached that of the CG

with no significant difference between them (p\ 0.001).

(Supplementary Table S3, Fig. 2D).

The inter-alveolar septal thickness was also measured to

evaluate the degree of interruption of air-blood barrier that

occurred as a consequence of collagen deposition. BM-

MSCsG showed significant decrease of inter-alveolar sep-

tal thickness in comparison to group FG and CFG showing

thickness of 0.88 ± 0.31, 108.5 ± 23.3 and 97.31 ± 6.80

respectively. Yet, there was not a significant difference

between BM-MSCsG and CG 4.60 ± 0.37. (Supplemen-

tary Table S3, Fig. 2E).

Fig. 3 H& E stained lung sections. A and B Photomicrographs of

CG. A Patent alveoli (PA) with thin classical inter-alveolar septa

(S) are observed. Bronchioles (Br) appear lined by folded simple

columnar epithelium, scale bar 200lm. B Type I pneumocytes

(arrowheads) are observed with their typical flat nuclei. Type II

pneumocytes (arrows) appear cuboidal with rounded nuclei, scale bar

50lm. C and D Photomicrographs of FG. Most of the alveoli appear

collapsed (CA). Evident thickening of inter-alveolar septa (S) with

massive cellular infiltration (I) are observed. Marked congestion of

blood vessels (arrows) is noticed. Bronchiolar (Br) epithelium

desquamation (asterisk) is noticed into the lumen. Marked peribron-

chiolar lymphocytic infiltration (L) is also observed. Limited areas

appear with patent alveoli (PA). (D) Diffuse extravasation of RBCS is

also noticed (arrowheads), scale bar C 200lm, D 50lm. (H&E stain,

A 9 100, B 9 400, C 9 100, D 9 400)
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3.4.3 Electron microscopic results

CG depicted patent alveoli, where pneumocyte type II was

observed with its characteristic, apical microvillus boarder

and abundant lamellar bodies within the cytoplasm.

Pneumocyte type I was observed with its basal lamina

fused with those endothelial cells of the neighboring blood

capillary. Endothelial lining of blood capillaries showed

normal regular outline with normal euchromatic nucleus

(Fig. 6A, B). On the other hand, variable degenerative

changes were encountered ultra-structurally in FG, where,

some type II pneumocytes exhibited vacuolated lamellar

bodies with loss of lamellar arrangement. Luminar surface

of some other type II cells depicted decreased and irregular

microvilli. In addition, nuclear changes were noticed in

some pneumocytes that showed irregular nuclear mem-

brane together with increased condensed chromatin

(Fig. 6C, D). Apoptotic bodies from type II cells were also

observed in some areas (Fig. 6D). Inter-alveolar septa

revealed prominent Fibroblasts together with evident

collagen deposition. The alveolar lumen showed marked

narrowing and even obliteration in some areas. As regards

Type I pneumocytes, they were less frequently encountered

than type II pneumocyte. Alveolar macrophages and

extravasated RBCs were also seen in the inter-alveolar

septum. Examination of endothelial lining of inter-alveolar

capillaries revealed irregular outline of the nucleus with

excessive marginal clumping of chromatin (Fig. 6E, F).

Examination of lung sections of rats in BM-MSCG,

revealed marked improvement in lung ultra-structure. Type

I & II pneumocytes showed apparently normal ultra-

structure with euchromatic nuclei. Type II pneumocytes

revealed most of lamellar bodies with their typical lamellar

pattern, together with enhanced exocytosis into alveolar

lumen (Fig. 7A). Prominent microvilli were apparent on

their apical border. Endothelium of blood capillaries

depicted normal appearance with regular nuclear outline

and intact junctional folds. Inter-alveolar septum showed

minimal deposition of collagen fibers (Fig. 7C, D).

Whereas, in CFG extensive degenerative changes were

Fig. 4 H& E stained lung sections. A and B Photomicrographs of

BM-MSCsG (A) Alveoli appear patent (PA) with thin inter-alveolar

septa (S). A bronchiole (Br) is observed lined by folded simple

columnar epithelium. (B) Most of alveolar surface area is seen lined

by type I cells (red arrows). Type II cells (black arrows) appear

cuboidal with rounded nuclei. C and D Photomicrographs of CFG,

revealing most of the alveoli with collapsed lumina (CA), while some

other alveoli appear with limited narrowing of their lumina (N).

Marked inter-alveolar septa thickening with cellular infiltration is

seen (I). Diffuse extravasation of RBCS is also noticed (asterisks).

(H&E stain, A 9 100, B 9 400, C 9 100, D 9 400)
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encountered in type I & type II pneumocytes, with disor-

ganization of lamellar bodies. Detachment and sloughing

of degenerated type I pneumocytes into alveolar lumen was

noticed in this group, together with alveolar macrophages.

Apoptotic bodies and rarified cells were also seen. More-

over, excessive collagen deposition was observed within

inter-alveolar septum (Fig. 7E, F).

4 Discussion

Most etiologies that affect the lung and lead to lung

fibrosis, show a direct effect on the capacity of lung

renewal leading to eventual permanent lung fibrosis [39].

The use of stem cells could thus be an important potential

promising option in lung tissue regeneration to trigger a

paradigm shift from traditional supportive therapy to

effective therapy [40–43]. In such a context, it was the

scope of the current study to assess the ameliorative effect

of MSCs on BLM induced pulmonary fibrosis in rat

models. Moreover, combining histological assessment with

physiological tests for lung functions, presents a novel

approach for a more accurate evaluation of lung fibrosis

and assessment of the efficacy of the therapeutic strategy.

In this study, pulmonary fibrosis was induced by BLM

referring to established data from previous research work

[44–47]. There is a range of potential routes of BLM

administration in rodents, including intravenous (IV),

subcutaneous (SC), intranasal, and intratracheal (IT), the

latter has been by far the most preferred mode of admin-

istration due to its direct toxic and sustained effect on the

lung tissue. Futhermore, it induces a classical picture of

lung fibrosis, thus providing a valid model for experimental

therapeutic studies [48].

Safety of the used vehicle with BLM (saline) was con-

firmed histologically, where the examination of lung tissue

of CG revealed normal histological features. In conse-

quence, the different histological changes that were

encountered in BLM treated group FG could be referred to

the impact of BLM toxicity.

Though histological alteration resulting from BLM

administration is the gold standard confirmatory method

Fig. 5 Masson’s Trichrome stained lung sections. A CG; normal

distribution of trichrome green stained areas is observed in inter-

alveolar septa, around blood vessels and peribronchiolar. B FG;

excessive deposition of collagen in inter-alveolar septa, around blood

vessels and peribronchiolar is seen as denoted by increased green

trichrome stained areas. C BM-MSCsG; showing apparent limited

and focal distribution of green colored trichrome stained areas within

the inter-alveolar septa. D CFG; apparent increase in green colored

trichrome stained areas is noticed within the inter-alveolar septa.

(Masson’s trichrome, A–D 9 100)
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for developing lung fibrosis yet, lung function tests were

further assessed and results showed a significant reduction

in MRV, FVC, and FEV1 in FG and CFG compared to

normal control rats denoting the presence of restrictive

lung disease.

BLM cytotoxicity encloses oxidative stress as one of the

mechanisms of the induced lung tissue injury [49, 50],

where BLM can bind Fe(II) forming a complex, which is

subsequently oxidized to Fe(III) in presence of O2,

resulting in the reduction of oxygen to free radicals and

production of reactive oxygen species (ROS), such as, O2̄ ,

hydroxyl radicals, and Fe(III). Then, this bleomycin com-

plex binds to the DNA helix through a nucleophilic bond,

resulting in DNA strand breaks. In addition, membrane

lipid peroxidation and subsequent membrane damage

occur.

Histological examination of H & E stained sections from

the BLM induced fibrosis group FG, revealed evident

distortion of lung architecture, where marked thickening of

the inter-alveolar septa and collapsed alveoli were noticed

in a patchy distribution over much of the lung tissue.

Induced lung fibrosis was further confirmed by histomor-

phometric analysis of trichrome stained sections that

showed a significant increase in the percentage area of

collagen deposition in the induced fibrosis group in com-

parison to the control group. This can be attributed to the

effect of BLM, where it stimulates the alveolar macro-

phages for the production of inflammatory and profibrotic

Fig. 6 A and B Electron photomicrographs of CG. A Type I

pneumocyte (arrow) is seen with regular outline and euchromatic

nucleus. Patent alveolar space (AL) is observed. CA; blood capillary.

B A Type II pneumocyte appears with a prominent microvillous

boarder (MV) and euchromatic nucleus (N) facing a patent alveolar

space filled by surfactant (S). Type II cell exhibits lamellar bodies

(LB) and lysosomes (L) in apical cytoplasm. C–F Electron photomi-

crographs of FG. (C) Some type II pneumocytes (A1) show

vacuolated lamellar bodies (V) together with short irregular microvilli

(MV). Other Type II cells (A2) depict dark, irregular nuclei with

marginal chromatin clumping. Marked narrowing of the alveolar

lumen is noticed (asterisk). (D) Part of a type II pneumocyte (A1),

with marked cytoplasmic vacuoles (V) and degenerated lamellar

bodies (LB), is seen sloughed in the lumen (arrow). Some apoptotic

bodies (AB) are noticed within the lumen. (E) Prominent Fibroblasts

(Fb) are observed together with evident collagen (CL) deposition

within the inter-alveolar septum. (F) An endothelial cell (EC) depicts

irregular nucleus (N) with excessive marginal clumping of chromatin.

Notice massive collagen (CL) deposition together with marked

thickening of inter-alveolar septum. An inter-alveolar macrophage

(M) is also seen. (A 9 1500, B 9 5000, C 9 1500, D 9 5000, E and

F 9 3000)
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cytokines such as interleukin-1(IL-1), macrophage

inflammatory protein-1, and others. Nevertheless, BLM

induces type II pneumocyte hyperplasia that unlike normal

type II cells, contributes to the secretion of some of these

cytokines. Such cytokines lead to further proliferation and

activation of fibroblasts with subsequently increased col-

lagen deposition and eventually alveolar collapse [51, 52].

Moreover, some of these cytokines act as chemoattractants

thus leading to inflammatory cell recruitment and cellular

infiltration [53, 54].

This came in agreement with the present study, where

massive cellular infiltration was also noticed within the

inter-alveolar septa and peribronchiolar. Moreover, the

electron microscopic results came in accordance with the

light microscopic results, where marked collagen fibers

deposition was observed within the inter-alveolar septa,

together with evident fibroblasts,

Electron microscopic results of the BLM induced

fibrosis group, revealed variable degenerative changes,

where type I pneumocytes were infrequently encountered,

unlike type II pneumocytes that were more frequently seen.

This can be attributed to the direct toxic effect of BLM on

type I pneumocyte [55, 56]. In addition, variable degen-

erative changes depicted by type II pneumocytes can be

referred to membrane lipid peroxidation effect induced by

the generated free oxygen radicals.

Furthermore, endothelial cells of inter-alveolar blood

capillaries revealed an irregular outline of the nucleus with

excessive marginal clumping of chromatin. In accordance,

Allawzi A ET stated that BLM increases the vascular

Fig. 7 A–D Electron photomicrographs of BM-MSCsG. A This

electron micrograph exhibits a type II pneumocyte cell (A1) in a state

of exocytosis of lamellar bodies (LB) into the lumen. The nucleus

(N) appears euchromatic. Microvilli (MV) are apparently normal. In

addition, lysosomes (L) are noticed in apical part. B A Fibroblast (Fb)

together with minimal collagen deposition (CL) are observed within

the inter-alveolar septum. An Endothelial cell (EC) is seen with an

apparent normal nucleus. (AL); Alveolar lumen, (CA); capillary

lumen. C An endothelial cell (EC) is observed with apparently normal

nucleus and chromatin distribution, together with intact junctional

fold (arrow). D This figure shows patent alveolar lumina (asterisks)

lined by type I pneumocyte (P) with apparent normal euchromatic

nucleus. Inter-alveolar macrophage (M) is also seen. (E&F) Electron

photomicrographs of CFG. E A type II pneumocyte (A1) exhibits

some vacuolated lamellar bodies and short irregular microvilli (MV).

Another Type II cell (A2) shows excessive cytoplasmic vacuolation

(V). Several apoptotic bodies are observed (arrow). Notice marked

collagen (CL) deposition within inter-alveolar septum. (AL); Alveolar

lumen. F A type II pneumocyte (A1) shows excessive cytoplasmic

vacuolation. A type I pneumocyte (arrow) appears rarified and

detached from its basement membrane. Apparent Narrowing of

alveolar lumen is noticed (asterisk). (A 9 4000, B 9 5000,

C 9 3000 D 9 2500, E 9 2000, F 9 1200)
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permeability of pulmonary capillaries with subsequent

initial congestion of the lung. This can explain vascular

congestion that was observed histologically in lung sec-

tions of fibrosis group. Then, this increased permeability

contributes to the inflammatory state that eventually ends

with fibrosis [50, 57].

There is certainly loads of good evidence to suggest that

lung fibrosis is a vicious circle where the initial injury

promotes fibrosis through impaired signal regulation. This

can occur from alveolar epithelial cell dysfunction with

enhanced integrin production and activation, intensified

mesenchymal-epithelial interactions by disrupted cell

membrane activity or epithelial mesenchymal transition

(EMT). Another hypothesis is that fibrogenesis is driven by

dysregulated fibroblast/myo-fibroblast responses to

epithelial injury [58, 59].

The origin of myofibroblasts in lung fibrosis has been

questioned for many years and epithelial mesenchymal

transition (EMT) as a source of these cells has been sug-

gested. Nevertheless, lineage tracing in transgenic mice

indicates that the contribution of epithelial cells that have

undergone EMT could be insignificant for the fibroblast

population. Rather, recent findings indicate that EMT

facilitates a pro-fibrotic microenvironment by inducing

local fibroblasts to be triggered by the paracrine effect of

some factors produced by alveolar epithelial cells [60, 61].

Nevertheless, increased collagen production seems to be

more likely to be related to BLM reaction involving

increased permeability of protein influx and inflammatory

cells. As such, fibroblasts may be exposed to quantities of

mediators found in the bloodstream, produced by resident

cells of lung or those that enter lung tissues [62].

After binding to of BLM complex to DNA and Fe(II)

oxidation into Fe(III), a nucleophilic bond occurs at the

DNA desoxyribose C4’ position. This will lead eventually

to a break in the DNA strand. Furthermore, the free radicals

produced by this process, leading to enhanced DNA breaks

that ultimately lead to cell death. This can explain the

nuclear changes encountered ultra-structurally, such as

shrunken irregular nuclei with increased clumped chro-

matin [15, 63].

Moreover, Fe(II) regeneration provides the ternary

complex BLM-Fe(II)-O2 with catalytic activity, where it is

assumed that every BLM molecule can produce from 8 to

10 DNA breaks [15, 46, 63, 64]. Thus, enhancing more the

cellular degenerative changes. Apoptotic bodies that were

encountered ultra- structurally, can be correlated to BLM

direct toxic effect on the DNA, where it may cause single-

(SSB) or double-stranded (DSB) DNA breaks and can

induce cell death by pseudo-apoptosis—similar to apop-

tosis but characterized by rapid DNA fragmentation—or

mitotic cell death [65, 66]. These degenerative changes had

an impact on lung functions as was confirmed by the results

of lung function tests where minute Respiratory Volume

(MRV), forced expiratory volume (FEV1), and forced vital

capacity (FVC) showed marked reduction in FG and CFG.

Restrictive lung diseases including fibrosis reduce the FVC

and FEV1 proportionally thus the FEV1/FVC ratio is either

maintained normal or may be increased if the FVC is

decreased more as compared to FEV1. FEV1/FVC ratio in

this study was indifferent between groups, though FEV1

and FVC were significantly decreased in FG and CFG in

comparison to CG and BM-MSCsG denoting the existence

of a restrictive lung abnormality in the two former groups.

In the current study, the homing of the male donor cells

was confirmed in the injured lung of female recipients by

PCR for the SRY gene which is found on the Y chromo-

some, and by the presence of labeled MSCs in the lung

tissue visualized by confocal microscope shortly after

MSCs injection.

Homed BM-MSCs attenuated lung fibrosis significantly,

as was evident on histological examination of lung sections

from the MSC’s treated group, where marked decreased

deposition of collagen within the inter-alveolar septa was

observed. Most of the alveoli appeared patent with thin

inter-alveolar septa. Histomorphometric results of tri-

chrome stained sections further confirmed such an ame-

liorative effect of stem cell therapy, where there was a

significant decrease in the percentage area of collagen

deposition and an increase in the alveolar surface area as

compared to the BLM induced fibrosis group and the group

that received cell free media.

It is worth mentioning that collagen deposition was

significantly decreased in the MSC’s treated group in

comparison to the control group. Such a finding can be

referred to the significant therapeutic potential of BM-

MSC’s thus overcoming even mild injurious effects of

pollutants in the air, which might affect lung tissue of

control group rats.

This came in accordance with the ultra-structural results

that showed evident restoration of ultra-structural features

of pneumocytes types I and & II. Endothelium of blood

capillaries had a normal appearance with a regular nuclear

outline and intact junctional folds. The inter-alveolar sep-

tum showed minimal deposition of collagen fibers.

Together with previous studies, it can be concluded

based on the findings of the present study that the admin-

istration of and MSCs can mitigate lung fibrosis. Those

results agreed with lung function results that showed great

improvement in MRV, FEV1, and FVC where they all

increased reaching normal values with no significant dif-

ference with CG, denoting the restoration of the lung

ventilatory functions [67].

The present evidence relies on soluble mediators

released by MSCs such as IL-1 receptor antagonist, IL-10,

keratinocyte growth factor, hepatocyte growth factor,

138 Tissue Eng Regen Med (2021) 18(1):127–141

123



angiopoietin 1, and transforming growth factor-b appear to

play a significant role in the repair of acute and fibrotic

injuries [68, 69]. These cytokines are characterized by

being anti-inflammatory and anti-fibrotic. It has been

established that IL-10 suppresses the functions of macro-

phages and neutrophils [70]. Among key functions of

(TGF)-b1 are regulation of inflammatory and proliferation

processes in addition to controlling cell growth, cell pro-

liferation, cell differentiation, and apoptosis [71].

Furthermore, MSCs can promote the polarization of

macrophages from a pro-inflammatory phenotype to an

anti-inflammatory phenotype through the production of

immunosuppressive molecules and metabolites, Also,

MSCs could directly dissolve fibrosis through the secretion

of matrix metalloproteinase, an enzyme that is capable of

degrading the extracellular matrix [72]. Adding to this

regenerative power of MSCs that depends on its paracrine

effect, these cells could still differentiate to the injured cell

phenotype and thus restore the structure and function of

injured tissue.

The histological examination of lung tissue in CFC

further confirmed that the restoration of lung structure and

function in BM-MSC treated group was due to the regen-

erative power of MSCs, as CFG showed massive collapsing

of alveoli together with increased septal thickness and

evident cellular infiltration. Such results prove that free cell

media did not have any therapeutic effect; nevertheless,

instead, there was a prolonged exposure to BLM injurious

effect on lung tissue without an opposing therapeutic

option, where histological features of fibrosis and degen-

eration were even more pronounced than that seen in the

fibrotic untreated group.

In such a context, MSCs proved to be a therapeutic

strategy with remarkable ameliorative potential in the

induced lung fibrosis model in the current study.

In conclusion, the BLM experimental model proved to

be a reproducible model to mimic lung fibrosis. The

methods implemented in the present work confirmed that

the intravenous injection is an ultimate approach ensuring

engraftment of transplanted MSCs. The applied techniques

for morphological and functional assessment proved the

efficiency of transplanted BM-MSCs in restoring the lung

architecture and functions in the BLM experimentally

induced fibrosis. The established results on the experi-

mental level should enhance clinical trials that would lead

to the application of MSCs as a therapeutic strategy for

treatment and preventing the progression of lung fibrosis.
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